. A typical Proterozoic Pig + Ol; Cpx + Ol) that reflect continuous fractionation to anorthosite-mangerite-charnockite association is exhigher Fe/Mg ratios. The evidence for polybaric crystallization of posed in the Lofoten Islands, off the NW coast of Norway, the FBC quantitatively supports the common model that generation which is dominated by mangerites and charnockites. In of Proterozoic anorthosites involves initial crystallization at depth this paper, the first of a series on these rocks, we present (crust-mantle boundary) and intrusion as a crystal-rich mush. the field observations and phase petrology, and determine the conditions under which the intrusions were emplaced. Detailed estimation of intrinsic parameters ( P, T, f O2 , a SiO2
Subsequent papers will concentrate on the whole-rock part of the archipelago; and small gabbroic complexes, and isotope geochemistry of the Lofoten anorthosite suite which are found on all of the islands (Fig. 1) . Contact and will put forth hypotheses for its origin.
relations in the Hopen intrusion indicate that mangeritic The estimation of the intensive parameters for the and typical ferrogabbroic melts coexisted and mixed; crystallization of anorthosites, mangerites and char-hence, the gabbros and mangerites are clearly coeval. nockites has been hindered by several problems and has The anorthosite on Langøy (Eidsfjord) is cut by mangeritic therefore rarely been done successfully (Fuhrman et al., veins, indicating that it is older than the mangeritic rocks. 1988; Kolker & Lindsley, 1989) . A major problem is that In the absence of precise geochronological data, however, most anorthositic and mangeritic rocks have experienced we cannot be sure about the time gap between the at least one subsequent metamorphism that has modified crystallization of the anorthosites and the mangerites. many of the original textural and compositional features
The basement into which these magmas were intruded of these rocks. Furthermore, even plutons that have consists of gneisses and early Proterozoic migmatites not been metamorphosed have commonly been altered (Fig. 1) . The gneisses include andesitic metavolcanics, during slow cooling, resulting in exsolution in minerals amphibolites, leucogneisses, marbles, metapelitic rocks and re-equilibration features that mask mineral liquidus and banded iron formations, and show granulite-to compositions, which must therefore be reintegrated or upper amphibolite-facies metamorphic mineral asrecalculated very carefully. Techniques by which this can semblages and multiple deformation events. The granbe done and calculations of intensive variables during ulite-facies gneisses on various islands equilibrated at 3-4 the crystallization of anorthositic and mangeritic rocks kbar and 750-780°C (Olsen, 1978) and yield metafrom the Lofoten Islands are discussed in this paper.
morphic ages of~1830 ± 35 Ma (Griffin et al., 1978) . The intrusive activity occurred towards the end of and after the regional granulite facies metamorphism and the intrusives are not deformed under low-pressure granulite-
Lofoten Island group
facies conditions. Whole-rock Rb/Sr isochron ages for
Previous work
the Lofoten mangeritic rocks are in the range 1808-1710 The Lofoten Island group was first mapped by Helland, Ma, but the calculated errors overlap in the range 1745-Kolderup and Vogt at the beginning of this century 1750 Ma (Griffin et al., 1978; Wade, 1985) . For the (Vogt, 1909) . In the 1950s, Carstens (1957) described in anorthositic rocks on Flakstadøy a whole-rock isochron detail the Fe-Ti-oxide-bearing anorthositic gabbro near age of 1803 ± 112 Ma was determined (Wade, 1985) , Napp on the island of Flakstadøy. Heier & Compston and based on field relations these appear to be older (1969) demonstrated that the intrusive rocks had crys-than the adjacent mangeritic rocks, for which an isochron tallization ages in the range 1700-1800 Ma. The fol-age of 1735 ± 20 Ma was obtained (Griffin et al., 1978) . lowing decade saw a large-scale project involving field Subsequently, the basement rocks were metamorphosed mapping and geochemical and geophysical studies on under high-pressure granulite and then eclogite facies the Lofoten Islands. Results of this project that are conditions at 700°C and at least 14 kbar, followed, important for the present study were reported by Romey perhaps as part of the same event, by upper amphibolite (1971), Misra & Griffin (1972) , Griffin et al. (1974) , Krogh facies conditions during the Grenvillian orogeny (Markl (1977) , Ormaasen (1977) , & Bucher, 1997) . The intrusive rocks have been affected Olsen (1978) . A review summarizing all the data from this by a weak Caledonian metamorphism but in many project was published by Griffin et al. (1978) . Subsequent areas they retain their magmatic textures and primary studies include those of Wade (1985) on the radiogenic mineralogy. isotopic compositions of the Lofoten rocks and Hames & Andresen (1996) on the effect of the regional Caledonian metamorphism in the region.
FIELD OBSERVATIONS

General geology
Anorthositic and other basic rocks
The dominant rock types on the Lofoten Islands are Anorthositic rocks occur as three distinct intrusions (Figs mangeritic to quartz mangeritic and charnockitic in-1 and 2): the Flakstadøy Basic Complex, which crops trusives, which for simplicity are referred to as the 'manout on the eastern third of the island of Flakstadøy geritic rocks', and their hydrated equivalents (Fig. 1) . (Fig. 2) ; the nearly inaccessible Moskenesøy anorthosite These occur most extensively on the central and eastern on the island of Moskenesøy, which is not further deislands but are found to some extent on all islands. scribed here; and the Eidsfjord anorthosite, which occurs Also found in the Lofoten Islands are small volumes of on the island of Langøy. In most places, these anorthosites anorthositic rocks, which occur on the three westernmost islands; biotite granites, which are restricted to the eastern are not pervasively deformed. In addition to these larger Griffin et al. (1978) . The sample numbers [with the exception of samples from Flakstadøy (see Fig. 2 ) and from the Eidsfjord anorthosite (see Fig. 3 )] and the intrusions discussed in this study are shown. SØM, Sund-Ølkona Mangerite; SWLM, South-West Lofoten Mangerite; FBC, Flakstadøy Basic Complex; HMI, Hopen Mangerite Intrusion; RMI, Raftsund Mangerite Intrusion.
bodies there are numerous small gabbroic bodies through-to be sharp, but exposures do not allow for an unequivocal interpretation. Within the anorthositic part a troctolite out the islands and a small ultramafic intrusion on xenolith (15 m × 20 m) was observed with sharp contacts Moskenesøy. Brief descriptions of selected samples are with the surrounding anorthosite, which suggests that the given in Table 1. anorthosite intruded later than the troctolitic-gabbroic portions of the intrusion.
The Flakstadøy Basic Complex (FBC)
The average grain size of the rocks from the FBC The Flakstadøy Basic Complex (FBC) is divided into varies between 1 and 4 cm, but may reach 35 cm in three parts, an eastern anorthosite, a middle troctolite pegmatitic pods. Fresh plagioclase in all units of the FBC (GM 263, 265) and a western gabbro (GM 333, GM is always black; plagioclase in the eastern anorthosite 139) (Romey, 1971) . The contacts between the troctolitic part, however, commonly shows white recrystallized rims. and the gabbroic rocks are gradational. However, it is Pods and lenses of massive Fe-Ti oxides and nearly pure uncertain what the contact relations are between the dunitic rocks are common in the troctolitic part and are anorthosite and troctolite. In many places, they appear not found elsewhere. They are especially common in the VOLUME 39 NUMBER 8 AUGUST 1998 middle part of the island near Hestraeva and to the north Along the entire length of the intrusion, the westernmost part of the gabbroic portion near its contact of Nusfjord (Fig. 2) . Rare, weakly developed, compositional layers that dip gently to the east or southeast with the mangerite is porphyritic. This is in contrast to all other anorthositic rocks of the FBC. The normal grain are observed exclusively in the troctolitic portions of the intrusion (Romey, 1971) . Locally, plagioclase crystals size in the matrix is~1-4 cm, but plagioclase phenocrysts reach sizes of~6-10 cm. At its southern end near Nesland show a preferred orientation. ( Fig. 2 ) the gabbro zone has been intruded by mangerite. was not observed. Heier (1960) mapped a charnockite intrusion flanking the anorthosite to the east. Crosscutting Along~300 m of coastal outcrops the anorthositic and gabbroic rocks are intruded by veins and large lenses of basic dykes occur at some places along the road (e.g. near Grønning, GM 448, Fig. 3 ). In most areas, the mangeritic rocks, some of which contain large xenocrysts of anorthositic plagioclase.
Eidsfjord anorthosite is not retrogressed and is only weakly deformed. It is clearly different from the FBC in that it has orthopyroxene as the most common mafic
The Eidsfjord anorthosite phase and lacks olivine. The anorthosite on the east side of the Eidsfjord on Langøy (Fig. 3) was first described by Heier (1960) . The
Cumulates on Moskenesøy
intrusion is thrust over monzonitic gneisses to the east, thus no primary contact relationship is preserved. The As part of this study, a 2 km × 2 km ultramafic body west of Sørvag was studied and sampled (GM 72, Fig. 1 ). only fresh outcrops are found along the road from Fleines to Straumfjord. They contain coarse-grained (1-5 cm) From contact relationships, the body appears to be tectonically intercalated into the basement gneisses. It conanorthosite that has orthopyroxene as the most important interstitial mafic mineral and minor amounts of clino-sists of massive, brown-weathering pyroxenites with minor amounts of olivine and plagioclase. The average pyroxene, magnetite and ilmenite (GM 448, 452) . At several localities, megacrystic orthopyroxenes with crystal grain size is~1 cm and no internal structures were observed. sizes up to 25 cm diameter occur (GM 450); olivine VOLUME 39 NUMBER 8 AUGUST 1998
Fig. 3. Geological map of the Eidsfjord anorthosite on Langøy, modified after Heier (1960) , with the sample locations of this study.
Gabbroic rocks on various islands
Mangeritic and charnockitic rocks
Bodies of gabbro (less plagioclase rich and of smaller Mangerites and charnockites occur in numerous intrusions on all the islands. In the following section, we average grain size than the anorthositic gabbros) are found on all the islands. The largest is the Eidet-Hovden report field observations from four important intrusions: the well-exposed Hopen Mangerite Intrusion (HMI) on gabbro on Langøy ( Fig. 1) (Heier, 1960) . It shows welldeveloped magmatic layering and clear geochemical frac-Austvågøy; the large Raftsund Mangerite Intrusion (RMI) on Austvågøy, Hinnøy and Hamarøy; the Sund-Ølkona tionation trends. The gabbros are fine-to mediumgrained (average grain sizes~0·2-0·8 cm) greyish rocks. Mangerite (SØM) on Flakstadøy and Moskenesøy; and the South-West Lofoten Mangerite (SWLM) on FlakMost occurrences are not larger than a few hundred metres in the largest dimension. The gabbros contain stadøy. The locations of these intrusions are shown in Figs 1 and 2, and individual samples are listed in Table 1 . plagioclase, clinopyroxene, locally olivine and commonly magmatic biotite.
The Hopen Mangerite Intrusion (HMI) Ferrodioritic rocks on Flakstadøy and Langøy
The HMI exhibits a continuous fractionation sequence ranging in composition from mangerite to quartz manNear Skjelfjord on Flakstadøy (Fig. 2) , Romey (1971) mapped a small body of gabbro within basement gneisses. gerite and finally to charnockite (Ormaasen, 1977) . This intrusion is unique, because it is a completely exposed This body is an oxide-rich ferrodiorite (GM 517). It is 100 m long and not more than 100 m wide, and the mangerite body, from its floor against Archaean migmatites to the roof where it forms apophyses in Protcontacts are not exposed. During the course of this study, small bodies and dykes of ferrodiorite were found within erozoic supracrustal gneisses. The true total thickness of the intrusion is~3·5 km. This vertical cross-section shows and at the northern margin of the Eidsfjord anorthosite (GM 451). The ferrodiorites are fine to medium grained that the pluton is zoned, with the most silica-poor rocks in the southwest, at the floor of the intrusion, evolving and appear identical to a fine-grained gabbro in the field. They postdate the solidification of the anorthosite. Fine-to charnockites in the north and northeast, near the roof.
The rocks are medium grained (~5-10 mm) and in the grained dykes of broadly gabbroic to ferrodioritic composition were also described by Misra & Griffin (1972) field are nearly indistinguishable from each other, as charnockites rarely show macroscopic quartz in hand from Austvågøy. These were intruded into shear zones shortly after the emplacement of the anorthositic and specimen. Subsequent metamorphic effects are not strong in most of the rocks, although minor amounts of garnet mangeritic rocks; some of them are net-veined by finegrained leucocratic rocks. and biotite are commonly observed. In the northeastern part of the intrusion, charnockitic pegmatites with coarse-The Sund-Ølkona Mangerite (SØM) grained (up to 10 cm) quartz and nearly pure heden-The SØM extends from the western part of Flakstadøy bergite occur. Mafic minerals in these rocks are Fe-rich to the eastern part of Moskenesøy (Fig. 1 ). This mangerite clinopyroxene and orthopyroxene, pigeonite, pyrrhotite contrasts sharply with the SWLM as it contains bluish and Fe-Ti oxides. quartz aggregates and schlieren. The SØM is typically In the lower part of the HMI there are structures fresh and shows only minor metamorphic mineral growth. suggesting that Fe-rich gabbroic magma intruded into The best exposures are west of Sund (GM 110) and in the magma chamber when the charnockitic magmas a quarry near Ølkona on Moskenesøy (GM 254). The were still liquid and mingled with the host magma, SØM shows intrusive contacts and apophyses into the producing features similar to those described by Wiebe surrounding gneisses. These often contain anatectic (1988) . Description of the associated igneous layering, schlieren-like veins of mesoperthite with ortho-and clinothe occurrence of gabbroic 'pillows' and further evidence pyroxene. for the mixing of gabbroic with mangeritic magmas will be given in another paper.
MINERAL CHEMISTRY The Raftsund Mangerite Intrusion (RMI)
Analytical techniques
The RMI, which covers >1000 km 2 , is the largest man-Mineral compositions were determined using a CAgeritic body on the Lofoten Islands (Griffin et al., 1974) . MECA SX100 electron microprobe at the Institut für It extends from the island of Austvågøy to the east Mineralogie, Petrologie und Geochemie at the University (Hinnøy) and southeast (Hamarøy) (Fig. 1) . Griffin et al. of Freiburg, Germany, and a CAMECA CAMEBAX (1974) mapped three zones based on the mafic minerals MICROBEAM with internal PAP correction (Pouchou they found in the rocks: an Ol + Cpx zone, an & Pichoir, 1984) at the Institut für Geowissenschaften at Ol + Cpx + Opx zone and an Opx + Cpx zone. They the University of Mainz, Germany. Natural and synthetic also described well-developed igneous layering from sev-standards were used for major and minor elements. eral localities. The layers are nearly horizontal and the Measuring times per element were 20 s with an emission intrusion appears to be a laterally extensive yet relatively current of 10 nA and an acceleration voltage of 15 kV. thin sheet. Griffin et al. (1974) estimated the thickness to Na always was measured first to avoid errors resulting be~3 km. Contacts with adjacent basement rocks are from the volatilization of Na. not well exposed.
X-ray fluorescence (XRF) analyses of whole-rock During the course of this study, samples from all three samples and mineral separates (plagioclase, clinozones of Griffin et al. (1974) in the Raftsund area and of pyroxene, orthopyroxene) were carried out at the Institut in the Hamarøy area were für Mineralogie, Petrologie und Geochemie at the Unicollected from the localities mentioned in their respective versity of Freiburg, Germany, on a Philips PW 1450/20 papers (Table 1) . Two jotunites were collected; one from machine with natural standards; accuracy and detection a small lens north of Digermulen (GM 430) and the limits are on the order of 0·1 wt % for major elements other from a unit mapped as 'ultrabasic cumulate' (Malm and 1-10 ppm (depending on the specific element) for & in Utaaker Bay (GM 384). minor elements. Preparation was performed at the same institute. For whole-rock measurements,~1-3 kg of material, depending on the grain size, was crushed and
The South-West Lofoten Mangerite (SWLM) milled in agate mills, and pressed powder and Li-borate The SWLM covers most of fusion discs were prepared to measure trace and major the northern and eastern part of Flakstadøy (Fig. 2) . In elements, respectively. Mineral separates were prepared places it shows porphyritic textures (e.g. at Vareid and from 63-125 m fractions of the whole-rock samples; Vikten, Fig. 2 ) consisting of mesoperthite megacrysts (up separations were made using heavy liquids, magnetic to 4 cm) in a matrix of~1 cm diameter grains. The separators and a wave table. The resulting separates were SWLM intrudes the anorthositic rocks to the east. The again milled, and pressed powder as well as fusion discs contact relations are best exposed near Nesland (Fig. 2) , were prepared. where the mangerite contains xenocrysts of anorthositic Two methods were used to obtain bulk compositions of plagioclase. Mafic minerals are pyroxenes, Fe-Ti oxides exsolved magmatic pyroxenes: if the exsolution lamellae (GM 262, 270) , and, in the metamorphosed varieties, were small enough (Fig. 4) , the pyroxenes were analysed garnet, biotite and amphibole. The rocks lacking pyr-by electron microprobe using a defocused beam (between oxene or olivine are relatively easy to recognize; the 10 and 50 m) and thus reintegrated. Where the exfeldspars are white in contrast to the golden-brownish solution lamellae were on the order of 10-100 m thick ( Fig. 5 ) the lamellae and the host were measured to greenish feldspars in the unmetamorphosed varieties. VOLUME 39 NUMBER 8 AUGUST 1998 separately and the original pyroxenes were reintegrated using image processing techniques. Neither method successfully reintegrated magmatic compositions for exsolved feldspars and oxides, as the results showed wide scatter and gave low mineral equilibration temperatures indicating later re-equilibration. Mineral abbreviations used in the text or in the figures are: cpx, clinopyroxene; opx, orthopyroxene; pig, pigeonite; CaTs, Ca-tschermakite; ol, olivine; mt, magnetite; usp, ulvøspinel; mgsf, magnesioferrite; ilm, ilmenite; hem, haematite; plag, plagioclase; msp, mesoperthite; kfsp, potassium feldspar; zir, zircon; ap, apatite.
Olivine
Olivine ranges in composition from Fo 83 in the Moskenesøy cumulates to nearly pure fayalite in the charnockites (Table 2 and (Table 2 ). The mangeritic rocks contain olivines between Fo 9 and Fo 5 . Their MnO content ranges from 1·5 wt % in the jotunite to 2·6 wt % in the mangerites and charnockites.
Pyroxenes Augite
As with olivine, the most magnesian augite is found in the Moskenesøy cumulates [X Fe = Fe/(Fe + Mg) = 0·42]. Clinopyroxenes in the gabbroic and anorthositic rocks are more Fe rich (up to X Fe = 0·5). Compositions of reintegrated subcalcic augites are given in Table 3 and plotted in Fig. 6 , using the projection scheme of Lindsley (1983) . Generally, the augite has low contents (Table 4) . In individual rocks, me-exsolved crystal of inverted pigeonite surrounded by mesoperthite in sample GM 254; (c) coarsely exsolved crystal of inverted pigeonite in gacrysts show the same range in Al 2 O 3 as the small mesoperthite, surrounded by a small rim of later garnet; the crystals interstitial grains. The trace-element contents of a clino-in (b) and (c) could not be reintegrated reliably. Scale bar represents pyroxene megacryst mineral separate from the FBC (GM~1 mm. 520) are given in Table 5 . Because of their Al 2 O 3 contents and their X Fe , the Lofoten megacrysts are similar to type and to be xenocrysts (Emslie, 1975) . In the jotunite, II megacrysts reported by Emslie (1975) , which are clinopyroxene has lower Al 2 O 3 contents (~1·5 wt %) and interpreted to have crystallized within the anorthosite, in the mangerites, the Al 2 O 3 content ranges from 0·5 to as opposed to the very aluminous type I pyroxenes, which are interpreted to have crystallized at greater depths 0·9 wt %. There is a marked increase in X Fe between
Orthopyroxene
Orthopyroxene from the anorthosites has X Fe values ranging from~0·26 (FBC) to 0·31 (Eidsfjord). The Al 2 O 3 contents are around 2·7-3·2 wt % for both interstitial and megacrystic grains. The megacrysts are similar to Emslie's (1975) type II megacrysts. The CaO content of reintegrated crystals is between 1·9 and 2·1 wt %. Table 5 gives major and trace elements of an orthopyroxene megacryst (GM 450) from the Eidsfjord anorthosite and Table 3 contains two reintegrated orthopyroxene analyses of interstitial grains from the FBC and the Eidsfjord anorthosite. The mangeritic rocks contain orthopyroxene with X Fe values between 0·49 and 0·69. Figure 6 shows plots of reintegrated and calculated equilibrium orthopyroxenes.
Pigeonite
Inverted pigeonite with X Fe values between 0·79 and 0·86 was found locally in a few mangerites and charnockites. There are no analyses given as it was not possible to reintegrate the exsolved inverted pigeonites. The pigeonite plotted in Fig. 6 was calculated from the constraints of coexisting augite using the QUILF program of Andersen et al. (1993) .
Fe-Ti oxides
Most rocks contain both primary ilmenite and magnetite, although some charnockites lack magnetite. In the FBC, green hercynitic spinel is commonly observed as an exsolution phase from the primary spinel. In rocks containing both primary magnetite and ilmenite, extensive 'oxy-exsolution' and Fe-Ti exchange precludes determination of the original compositions of either phase; they are therefore not reported. In some mangeritic and charnockitic rocks, only ilmenite was observed. Here, oxy-exsolution and exchange of Ti did not occur and their composition is regarded as primary. The measured compositions from selected samples are reported in Table 6 . Very small grains of chromite (0·1 mm) were The plagioclase from the gabbro and anorthosite ranges sample GM 334; this crystal could not be reintegrated reliably. Scale bar represents~1 mm.
in composition from An 69 to An 44 (Fig. 7) . Plagioclase compositions from the Moskenesøy cumulate could not be obtained because of extensive alteration to zoisite the clinopyroxenes in the jotunite and the anorthositic needles and secondary amphibole during later metarocks and a continuous increase from jotunite (X Fe = morphism. Plagioclase compositions in the anorthositic 0·68) to mangerite to charnockite (X Fe up to 0·96, see rocks range from An 57 to An 47 in the FBC and from An 48 to An 44 in the Eidsfjord anorthosite (Fig. 7) . According Table 3 ). VOLUME 39 NUMBER 8 AUGUST 1998 n.a., not analysed.
to Carstens (1957) , phenocrysts in the porphyritic border between 20 and 200 ppm (Duchesne & Demaiffe, 1978) , zone of the FBC near Napp have compositions of and that from the Nain plutonic suite varies between An 54 Or 4 , whereas the groundmass has An 45 Or 9 . There is 105 and 360 ppm (Gill & Murthy, 1970) ; Rb in plagioclase no correlation between the normative plagioclase content from Bjerkrem-Sogndal varies between 0·2 and 3·4 ppm (An + Ab + Or) in the anorthosites and the An content (Duchesne, 1978) , and that from Nain varies between in the plagioclase (Fig. 7b) . Representative microprobe 0·5 and 8·5 ppm (Gill & Murthy, 1970) . Hence, the analyses of plagioclase grains and XRF analyses of separate analyses appear not to represent the 'true' complagioclase separates are given in Table 7 . position of the anorthositic plagioclase but rather a mixThe plagioclase analysed by electron microprobe is ture with minute grains of late, interstitial K-feldspar poorer in potassium (Or 0·8-2·1 ) than the calculated nor-crystallized from late-stage intercumulus liquids. mative plagioclase composition (Or 2-9 ) from the same rock. Comparably high values are known from some Alkali feldspar other anorthosites [see Ashwal (1993) and references Ferrodiorite, jotunite and some relatively Mg-rich mantherein]. We contend that this difference may reflect lowgerites contain two strongly exsolved feldspars, whereas temperature exsolution of K-feldspar from the plagioclase more evolved mangeritic rocks contain a single ternary as this was observed in sample GM 527, and also the alkali feldspar. Ternary feldspar compositions were calinclusion of late K-rich interstitial liquid in the normative culated from whole-rock analyses assigning all K, Na calculation.
and Al to the feldspar, because reintegration using image The incorporation of interstitial liquid should be reprocessing techniques gave unsatisfactory results (see flected in higher than normal Rb and Ba content in the below). The errors caused in the calculation of the analyses of the plagioclase separates. Comparison with ternary feldspar composition by excluding the Na and data from the literature reveals that the Lofoten Rb and Al incorporation into clinopyroxene are small as a result Ba contents (Rb: 12-21 ppm, one sample with 64 ppm;
of the large feldspar/augite ratio and the relatively low Ba: 310-930 ppm) are higher than would be expected amounts of Na and Al in the clinopyroxene (Table 3) . for anorthositic plagioclase. For example, Ba in plagioclase from the Egersund Ogna massif of Rogaland varies The calculated ternary feldspars define a fractionation trend within the mangerite-charnockite series (Fig. 8) ; rocks of the Lofoten Islands allow calculation of P, T, a SiO2 and f O2 using silicate-oxide (QUILF) equilibria (Frost they range from An 7 Ab 53 Or 40 in a Cpx-Opx mangerite to An 0·4 Ab 53·6 Or 46 in a Cpx-Ol-Qtz charnockite. & Lindsley, 1992; Lindsley & Frost, 1992; Andersen et al., 1993) . Not only can the equilibrium conditions be estimated, the program can also be used to determine the extent to which the phases have changed composition Amphibole during cooling. To do this, it is crucial to have knowledge Magmatic amphibole occurs in a few samples from of the original mineral assemblage, good estimates of the Hamarøy. Typically, the amphibole is ferropargasitic primary composition of at least one phase and an estimate hornblende containing small amounts of Cl (0·24-0·65 of the relative volumes of the various ferromagnesian wt %, Table 8 ) that rims and replaces magmatic clinominerals in the rock. In most rocks, the primary phase pyroxene and ilmenite, but coexists with orthopyroxene.
of known composition was olivine and/or reintegrated The TiO 2 content of the magmatic amphiboles is relaclinopyroxene. tively high (between 0·16 and 0·26 p.f.u., commonly >0·2 p.f.u., Table 8 ) in contrast to the Ti content of later metamorphic amphiboles (commonly <0·2 p.f.u.) which Pressure and temperature also coexist with ilmenite. Representative analyses of magmatic amphiboles are given in Table 8 .
Anorthositic rocks
The anorthositic rocks can be divided into three groups based on ferromagnesian silicate mineral assemblages, all of which contain magnetite and ilmenite. With in-
PHASE PETROLOGY AND
creasing X Fe the assemblages are: orthopyroxene, sub-
ESTIMATION OF INTRINSIC
calcic augite and olivine (FBC); orthopyroxene and VARIABLES (P, T, ƒ O 2 , a SiO 2 , ƒ HCl ) subcalcic augite (Eidsfjord); olivine and subcalcic augite (FBC). The various assemblages reflect differences in the The mineral assemblages including pyroxenes, olivine and Fe-Ti oxides in the anorthositic and mangeritic intensive parameters during crystallization of these rocks. VOLUME 39 NUMBER 8 AUGUST 1998 Normalized to 4 cations and 6 oxygens
Cr 0·02 0·00 0·00 0·00 0·00 0·00 0·00 0·00 Fe   3+   0·03  0·03  0·03  0·05  0·03  0·03  0·13  0·00   Mg  0·90  0·89  0·88  1·34  0·87  0·89  0·82  0·85   Fe  0·17  0·26  0·25  0·45  0·26  0·27  0·31  0·30   Mn  0·01  0·01  0·01  0·01  0·01  0·01  0·01  0·01   Ca  0·73  0·69  0·70  0·10  0·71  0·68  0·63  0·72   Na  0·06  0·03  0·03  0·00  0·03  0·03  0·04  0·04   K  0·00  0·00  0·00  0·00  0·00  0·00  0·01  0·00   Sum  4·00  4·00  4·00  4·00  4·00  4·00  4·00  4·00   Wo  34  32  33  6  33  31  28  34   En  55  53  52  70  52  53  52  49   Fs  11  15  15  24  15  16  20  17 Temperatures were calculated from pyroxene equi-were too exsolved to allow reintegration by any method. There are three equilibria that are dependent on libria using the reintegrated mineral compositions of pressure, temperature and silica activity in rocks with clinopyroxene and orthopyroxene with the QUILF prothe mineral assemblage olivine + orthopyroxene + gram of Andersen et al. (1993) . Because the pyroxene clinopyroxene + plagioclase. These are thermometer is slightly pressure dependent, we held pressure constant over a range of reasonable crustal CaAl 2 Si 2 O 8 (in plag) = CaAl 2 SiO 6 (in cpx) + SiO 2 (1) conditions. The calculated temperatures within uncertainty for samples GM 265 and GM 139 from the NaAlSi 3 O 8 (in plag) = NaAlSi 2 O 6 (in cpx) + SiO 2 (2) FBC cover the range 1140-1185°C; cpx-opx assemblages 2 MgSiO 3 (in orthopyroxene) = Mg 2 SiO 4 (3) from sample GM 452 gave temperatures of 1100-1140°C (in olivine) + SiO 2 . at pressures fixed in the range 4-9 kbar. The clinopyroxene-orthopyroxene pairs in ferrodiorite GM 451 Reaction (3) is independent of reactions (1) and (2) reactions (2) and (3) both depend on the Al 2 O 3 content Pressure can be calculated by solving two of the three reactions (1)-(3) simultaneously. Hence, we have three in Cpx because increasing pressure drives reactions (1) and (2) to the right. On the other hand, these equilibria independent ways of estimating the magmatic P-T conditions of the anorthositic rocks of the FBC. First, we are not affected by later Fe-Mg re-equilibration as equilibrium (3) is. For reactions (1) and (2), we used the simultaneously solved reactions (1) and (3) for various samples from the FBC (Fig. 9a) . In a second step, we GEOCALC software of Berman & Perkins (1987) with the thermodynamic database of . The simultaneously solved reactions (1) and (2) (Fig. 9b) at constant silica activity for sample GM 333. This sample activities of anorthite, albite, jadeite and Ca-tschermakite were calculated from the measured plagioclase and clino-lacks olivine and orthopyroxene and therefore a silica activity could not be calculated from equilibrium (3). pyroxene compositions using the solution models of Fuhrman & Lindsley (1988) , Holland (1990) and Wood (1979) , Instead, a reasonable range of values between 0·58 and 0·65 (see Fig. 9a ) was chosen. Pressure changed by~1·5 respectively. From reaction (3), a SiO2 was calculated using the QUILF program of Andersen et al. (1993) .
kbar within this range of silica activities. In a third VOLUME 39 NUMBER 8 AUGUST 1998 Fe  0·14  0·14  0·18  0·20  0·18  0·16  0·21  0·22  0·14  0·20   Mn  0·01  0·01  0·00  0·01  0·01  0·01  0·01  0·01  0·01  0·01   Ca  0·90  0·87  0·88  0·83  0·89  0·88  0·90  0·88  0·90  0·76   Na  0·04  0·05  0·04  0·04  0·04  0·04  0·05  0·04  0·04  0·04   K  0·00  0·00  0·00  0·00  0·00  0·00  0·00  0·00  0·00  0·00   Sum  4·00  4·00  4·00  4·00  4·00  4·00  4·00  4·00  4·00  4·00   Wo  43  41  42  39  42  41  43  43  43  36   En  48  50  47  48  47  49  44  44  48  52   Fs  9  9  11  13  11  10  12  13  9  12   a Jd at 1150°C  0·039  0·042  0·039  0·033  0·040  0·042  0·040  0·036  0·034  0·032   a Jd at 1200°C  0·037  0·040  0·037  0·031  0·039  0·040  0·037  0·034  0·032  0·030 For each sample, the highest and the lowest measured values of Al 2 O 3 are listed. Later exsolution and Fe-Mg diffusion have minor or no influence on the Al content of the clinopyroxene. Additionally, the activity of jadeite according to the model of Holland (1990) is listed.
step, we solved all three equilibria simultaneously for an increase in silica activity from 0·58 to 0·65 with decreasing pressure, but this is neither supported nor temperatures varied between 1100 and 1200°C, which is the range indicated by pyroxene thermometry. Fig-refuted by the other calculations. The changes in pressure recorded in these samples are caused by the variation ure 9c and d shows the resulting variation of pressure vs a SiO 2 . The three equilibria give a reasonable intersection. of Al 2 O 3 content in clinopyroxene within and between samples (see Table 4 ). The continuous fractionation of The results reveal that the anorthositic rocks equilibrated over a range of pressures from~9·5 ± 1·5 kbar in plagioclase from An 57 to An 47 within the FBC is superimposed on this pressure decrease. sample GM 255 and GM 265 to 7·5 ± 1·5 kbar in sample GM 333 and to 6 ± 1·5 kbar in sample GM Only a maximum pressure could be obtained for the Eidsfjord anorthosite by introducing a fictive olivine in 139 at temperatures in the range 1100-1200°C. The two samples GM 139 and GM 265 record distinctly different equilibrium with the observed ortho-and clinopyroxene in sample GM 452 using the QUILF program (Andersen pressure conditions which are clearly outside of analytical uncertainty. Sample GM 333 falls in the range between et al., 1993). The composition of this olivine would be Fo 58 and the calculated maximum pressure and temperature sample GM 139 and sample GM 265. Figure 9a illustrates that the combination of equilibria (1) and (3) indicates would have been 7·3 kbar at 1135°C. The uncertainty in the pressure and temperature cal-
culations has three sources: (1) analytical uncertainty, (2)
uncertainty in thermodynamic solution models and (3)
uncertainty in the least-squares fit of the QUILF calSum 4·00 4·00
culations. The uncertainty contributed by analytical error The pressure calculated for GM 265 based on the
Al 2 O 3 content of orthopyroxene (after Longhi et al., 1993) is considerably lower (~5 kbar in contrast to~9 kbar)
b.d.l., below detection limit.
than the pressure derived from the equilibria (1)-(3). VOLUME 39 NUMBER 8 AUGUST 1998 However, Al in orthopyroxene is also strongly dependent olivine + subcalcic augite (SØM and RMI) + quartz on temperature and the experiments of Longhi et al. (X Fe rock > 0·96). (1993) were performed at temperatures higher than the highest estimates that we derived for the FBC. Because
The assemblages plotted in Fig. 10 come from all the of the steep P-T dependence of Al solubility in ortho-intrusions studied on the Lofoten Islands. The fact that pyroxene, a 50°C difference results in a pressure differ-they all show a similar trend of mineral assemblages as a ence of~3·5 kbar according to the Al-in-orthopyroxene function of X Fe rock is strong evidence that all the mangeritic thermometer of Aranovich & Berman (1997 ) intensive parameters is augite-pigeonite-olivine-quartz these are (Fig. 10): (GM 254 and GM 394) because we can deduce P and T from it, even though the Fe/Mg ratios of the orthopyroxene + subcalcic augite (SWLM) (0·81 < X Fe ferromagnesian silicates may have changed during cool-< 0·90, X Fe rock of whole rock); ing (Frost & Lindsley, 1992) . Furthermore, if there are orthopyroxene + subcalcic augite + olivine (RMI) two Fe-Ti oxides coexisting (even if they are highly (X Fe rock = 0·9-0·92); exsolved), the oxygen fugacity at which the assemblage olivine + inverted pigeonite + subcalcic augite + quartz (SØM and RMI) (X Fe rock = 0·92-0·96); equilibrated can be calculated. n.a., not analysed. Based on the textures in GM 254 we infer the former primary olivine is present. However, we observed textures that closely resemble corona textures found in samples presence of olivine in this sample in which no remaining VOLUME 39 NUMBER 8 AUGUST 1998
Fig. 8. Normative feldspar compositions in mangeritic and charnockitic rocks in the An-Ab-Or triangle. The method of calculation is explained in the text. It should be noted that some of the points represent one ternary feldspar, some the mixture of two. The inset shows the boundary between the two-and the single-feldspar region. The solvus lines in the large triangle are according to Fuhrman & Lindsley (1988) .
still containing fayalite. There, the fayalite is surrounded we estimated clinopyroxene-olivine ratios. For this purpose, the wt % analyses were converted into moles, all and, in a few samples, totally replaced by orthopyroxene and an outer rim of garnet. This orthopyroxene is dis-K, Na, P and Al were assigned to feldspars and apatite, and all Ti to ilmenite. The appropriate amount of Ca tinctly more Fe rich than orthopyroxene exsolved from clinopyroxene within the same sample. In GM 254, for these minerals from the original Ca value was then subtracted, a new X Fe value was calculated and the rest pigeonite was also present, but it was so completely exsolved that quantitative reintegration was not possible of the Ca was assigned to clinopyroxene. Finally, the olivine was computed from the remaining Mg that was (Fig. 4) . The only phase whose primary composition could be determined was augite (Table 3) , although we not used for clinopyroxene. Disregarding magnetite gives a minimum estimation of the olivine content. The calknow pigeonite, olivine and quartz were present. This information is sufficient to calculate the equilibrium as-culated clinopyroxene-olivine ratios in samples from the Hamarøy part of the Raftsund mangerite are about 1:1 semblage and the equilibrium pressure and temperature of crystallization. The results are 3·9 ± 0·3 kbar and with a little variation (see box in Fig. 12 ), whereas in sample GM 254 this ratio is about 2:1. 860 ± 20°C (see Fig. 11 for complete graphical representation of the measured and calculated mineral comWe were, however, able to 'see through' the lowtemperature Fe-Mg exchange in sample GM 394 by positions). The uncertainties result from the variation in augite compositions that we determined using a defocused using the measured compositions of olivine and augite (Tables 2 and 3 ) and the knowledge that pigeonite, electron microprobe beam (Fig. 11) . As with the anorthositic rocks, these measurement uncertainties are be-albeit strongly exsolved, had been present. In detail, we proceeded as follows. We performed two sets of lieved to cause the largest errors in P-T estimations.
The silicates in sample GM 394 give an equilibrium calculations using the QUILF program. First we fixed the measured clinopyroxene composition and calculated temperature of 480°C (Fig. 12) . This reflects extensive subsolidus exchange of Fe and Mg. During this subsolidus pressure, temperature and the compositions of olivine and pigeonite that would have been in equilibrium with exchange the olivine becomes more Fe rich and the clinopyroxene more magnesian. In rocks with only a it. Then we fixed the measured olivine composition and calculated pressure, temperature and the equilibrium small amount of olivine (e.g. GM 254) the effect of this exchange on pyroxene composition is small; in rocks with compositions of the clinopyroxene and pigeonite that would have been in equilibrium with the olivine. These a higher modal amount of olivine, such as GM 394, reequilibration was more extensive. To quantify this effect, calculations resulted in the white triangles of Fig. 12 . 40·35  41·07  41·05  41·01  40·93  40·93  39·70  38·93  40·50  38·59  38·97  38·38   TiO 2  1·89  1·59  1·16  1·78  1·58  1·59  2·13  2·01  1·28  1·62  1·83  1·78   Al 2 O 3  8·13  8·16  7·62  8·33  7·68  8·55  9·47  10·07  7·68  10·12  9·70 10·22
Normalized to 23 oxygens and 16 or 15 (where Na and K are excluded) cations Si  6·61  6·69  6·69  6·65  6·69  6·70  6·50  6·37  6·67  6·31  6·47  6·30   Al  1·57  1·57  1·46  1·59  1·48  1·65  1·83  1·94  1·49  1·95  1·90  1·98   Ti  0·23  0·19  0·14  0·22  0·19  0·20  0·26  0·25  0·16  0·20  0·23  0·22   Fe   3+   0·00  0·00  0·00  0·00  0·00  0·00  0·00  0·00  0·04  0·08  0·00  0·04   Mg  0·79  1·11  0·75  1·02  0·83  0·85  0·72  0·70  0·66  0·63  0·64  0·59   Fe  4·01  3·62  4·11  3·74  3·99  3·81  3·89  3·86  4·03  3·96  3·88  3·94   Mn  0·06  0·07  0·06  0·07  0·04  0·04  0·04  0·05  0·05  0·08  0·08  0·06   Ca  1·73  1·72  1·77  1·71  1·77  1·76  1·76  1·82  1·92  1·75  1·76  1·80   Na  0·71  0·72  0·56  0·66  0·65  0·71  0·68  0·66  0·56  0·74  0·74  0·75   K  0·28  0·31  0·33  0·29  0·25  0·28  0·27  0·28  0·26  0·31  0·31  0·32   Cl  0·17  0·17  0·18  0·15  0·12  0·12  0·08  0·07  0·08  0·07  0·11  0·10   Sum  15·99  16·00  15·89  15·95  15·90  16·00  15·95  15·95  15·82  16·00  16·00  16·00 Chemical formulae were calculated on the basis of 15 cations, when Na and K were excluded. In cases where this procedure gave sums higher than 16, the cation sum was set to 16.
It is evident from Fig. 12 that, before diffusive re-The P-T values and the pigeonite compositions for both tie-lines and for the average of both were calculated (grey equilibration, the original compositions plotted between the two white triangles. It can be inferred that the olivine triangles in Fig. 12 ). The results were again 3·9 ± 0·3 kbar at 860 ± 30°C. became richer in Fe and the clinopyroxene became richer in Mg.
A similar procedure was used to calculate the temperature of the jotunite GM 384. Here, the pressure was To correct for the Fe-Mg exchange on cooling and assuming closed system behaviour, we estimated the bulk chosen as 4 kbar (assuming that the jotunite crystallized at the same crustal level as the mangeritic rocks) and ratio of olivine to augite in GM 394 from a whole-rock analysis as described above. This 'modal composition' the temperature was calculated to be 925-945°C. The temperature of sample GM 378 (cpx-opx-ol) was cal-(with respect to augite and olivine ratio; box in Fig. 12 ) was then used as an anchor point around which we culated to be 890 ± 20°C at a given pressure of 4 kbar. Here, no significant Fe-Mg exchange between let the olivine-clinopyroxene tie-line (bold dashed line, Fig. 12 ) rotate until it had the same slope as the olivine-clinopyroxene and olivine at subsolidus conditions was observed. clinopyroxene tie-lines in the white triangles. This was done purely graphically. Figure 12 illustrates that two
In another approach to estimate temperatures and the temperature decrease during fractionation, we estimated extremes could be thought of where the original olivineaugite tie-lines were lying. These extremes were the most the minimum temperature of crystallization for rocks that contained only a single feldspar (GM 542 and GM augite-rich estimate and the most olivine-rich estimate. (Andersen et al., 1993) are combined with the CaTs-An-Qtz reaction (1) to obtain estimates of the intrusion depth of the FBC. (b) Pressure-temperature diagram for sample GM 333 constructed by solving reactions (1) and (2) simultaneously with the GEOCALC software of Berman & Perkins (1987) . (c) 18). In this calculation we used the normative feldspar and olivine in sample GM 378. The ternary feldspar in sample GM 254, finally, yields a minimum temperature composition as calculated from the whole-rock analyses (Fig. 13) . The temperature defined by these feldspars is of~850°C (after Fuhrman & Lindsley, 1988; see Fig. 8) , which fits well with the pyroxene thermometry for thẽ925°C using the graphical estimation of the feldspar solvus of Fuhrman & Lindsley (1988) (see Fig. 8 ). Lower same sample (860 ± 20°C). The temperatures derived from our technique of feldspar thermometry are close to temperatures are then indicated for rocks crystallizing two feldspars instead of one. From petrographic ob-those obtained from pyroxenes, even though they are more likely to reflect liquidus compositions whereas the servations we infer that the transition from one to two feldspars must have occurred at about the same tem-pyroxene-olivine temperatures derived from reintegrated mineral compositions and QUILF are probably closer to perature as the transition from the assemblage Cpx + Opx to Cpx + Opx + Ol. For the latter as-solidus temperatures.
Magmatic amphibole replacing clinopyroxene is pressemblage, we calculated 890 ± 20°C from pyroxenes
The oxygen fugacity of crystallization could be estimated using QUILF in some anorthositic, one jotunitic and some mangeritic rocks (Fig. 15) . In rocks that contain both ilmenite and magnetite, it was also possible to recalculate the magmatic oxide compositions, which were not directly measurable because of low-temperature exchange and resetting during cooling. In rocks with only one oxide (ilmenite), Ti exchange did not occur and thus the measured ilmenite composition could be combined with our previous estimates of P and T to derive the oxygen fugacity. and GM 139) equilibrated at conditions slightly above those of the FMQ buffer (Fig. 15) . Sample GM 265 equilibrated at an oxygen fugacity~0·76 log units above ent in several samples of charnockite with the highest FMQ at 9 kbar and 1180°C, and sample GM 139 at X Fe . To test the interpretation that these amphiboles are~0 ·62 log units above FMQ at 4 kbar and 1100°C. For magmatic, and to determine an additional independent the Eidsfjord anorthosite, we estimated minimum oxygen temperature to further test our results, we used the fugacities by calculating a fictive olivine that would be graphical Ti-in-amphibole thermometer of Spear (1981) in equilibrium with the actually observed minerals. At 4 for grains that coexist with ilmenite ( Fig. 14, Table 8 ).
kbar, f O2 would have been~0·23, and at 9 kbar~0·02 This thermometer is essentially independent of pressure log units above FMQ. and calculated temperatures are in the range 790-845°C,
The jotunites, mangerites, and charnockites from Lowhich is in good agreement with the temperatures derived foten equilibrated at progressively lower oxygen fufrom QUILF, taking into account that amphibole crysgacities. The jotunite GM 384 is calculated to have tallization postdates that of clinopyroxene and should therefore be at somewhat lower temperatures. equilibrated at 0·6 log units below the FMQ buffer. to the low-X Fe rock and high-X Fe rock series of Ormaasen (1976). In the mangeritic rocks, two oxides occur only in GM 394. The calculated equilibrium compositions of the oxides were Mt 43 Usp 55 and Ilm 92 Hem 7 , and f O2 was~0·6 log units below the FMQ buffer. In the other rocks, ilmenite occurred without magnetite and these rocks gave oxygen fugacities of 0·9-1·5 log units below the FMQ buffer.
a SiO 2
When plotted against X Fe , the calculated silica activities in the Lofoten rock types increase steadily from values of~0·58 in the anorthositic rocks to 1·0 in the mangeritic and charnockitic rocks that are quartz saturated (Fig. 16) , where a SiO2 is unity for pure SiO 2 at P and T. In samples revealed that the composition of the fictive olivine would have been Fo 58 . The values of a SiO2 in both of the anorthosite complexes are similar, although the Eidsfjord There are two series of mangeritic rocks, one relatively anorthosite may have slightly higher values. In mangerite high f O2 with ilmenite and magnetite and one relatively low f O2 with only ilmenite (Fig. 15) . These may correspond GM 262, olivine would have been Fo 33 and the minimum Activities and fugacities were calculated at 800°C, 4 kbar, a SiO 2 =1 (for the activity models used and discussion see text).
log K = 2 log a Tre Amph -2 log a H 2 O -5 log a SiO 2 (5) quartz syenites in the Laramie anorthosite complex in Wyoming, and should be considered as minimum values. -3 log a Fo Ol -4 log a Di Cpx .
log K = -G°r/2·303RT, where G°r is the Gibbs free energy of the reaction at P and T, R is the gas constant f HCl and T is the temperature in Kelvin. The water activity The magmatic amphiboles from the RMI contain a is calculated to be small amount of Cl (0·28-0·63 wt %, Table 8 , Fig. 14) . log a H 2 O = 0·5(2 log a Tre Amph -5 log a SiO 2 -3 log a Fo Ol Unfortunately, there does not exist a calibration of a -4 log a Di Cpx + G°r/2·303RT).
(6) Cl-OH exchange reaction of the type Tremolite + 2 HCl = Cl-Tremolite + H 2 O (8) Because the conditions of formation for the amphiboles are estimated to be 4 kbar and 800°C, these activities for which reason we are dependent on the biotite equican be converted to fugacities via the relation libria investigated by Munoz & Swenson (1981) :
where f * H 2 O is the fugacity of pure water at 4 kbar and Although our rocks do not contain magmatic biotite, the 800°C. This value is 3356 bar (Helgeson & Kirkham, composition of a fictive biotite in equilibrium with the 1974). magmatic amphibole can be calculated because coG°r was calculated using the SUPCRT92 program existing metamorphic amphiboles and biotites in the of Johnson et al. (1992) and their thermodynamic data-mangeritic rocks from Lofoten show a relatively constant base. We assumed that the rock last equilibrated at 800°C distribution of Cl between biotite and amphibole. The and 4 kbar. We used activities for Mg 2 SiO 4 in olivine distribution coefficient is~0·35-0·36 and in these Feand CaMgSi 2 O 6 in clinopyroxene as calculated from rich rocks it is independent of the X Fe in the minerals QUILF (Andersen et al., 1993) and the solution model (Markl & Bucher, 1995; Markl et al., in press ). We of Will & Powell (1992) for amphibole. With these data can then deduce ratios of f H 2 O /f HCl (Table 9 ) using the we calculated water fugacities in the range of 14-170 expression given by Munoz & Swenson (1981) . If these are bars where the amphibole still coexisted with augite and combined with f H 2 O values calculated from the amphiboles from 35 to 510 bars where it no longer coexisted with and with the known pressure of~4 kbar, we can derive augite (see Table 9 ). These values are considerably smaller the f HCl during the late stages of crystallization, when the than the values derived from the fayalite-amphiboles formed. The values of f HCl lie in the range annite-quartz-K-feldspar equilibrium by (Table 9) . Although these values depend on Lindsley (1989) , who estimated water fugacities between many assumptions (e.g. that the distribution coefficient is essentially independent of temperature in the range 1700 and 3100 bars at 750-800°C and 4·5 kbar for 700-800°C and that it is also independent of X Fe in the by the HMI, the mangerite bodies are not thicker thañ 3·5-4 km and the pressure within a single magma minerals) we believe the calculated values of f HCl give at least the order of magnitude of the values during chamber should not vary by >1 kbar.
Ormaasen (1977) calculated magmatic pressures from crystallization. The f H 2 O /f HCl ratio never exceeds two in the Lofoten charnockites.
the same mineral assemblage that we used, namely olivine-orthopyroxene-quartz. We interpret the difference in values as a consequence of the fact that Ormaasen (1977) used outdated evaluations of these equilibria and
DISCUSSION AND CONCLUSIONS
that mineral compositions were reset during later metamorphism. The pressure estimations of Krogh (1977) for
Summary of the results
the basement rocks east of the RMI (750-765°C at~9 Mineral chemistry variations and estimation of intrinsic kbar) are based on two-pyroxene, Al-in-pyroxene and variables show that there is a series of trends from pyroxene-garnet thermometry. These assemblages probprimitive gabbroic to highly evolved (Fe-enriched) charably record the later high-pressure metamorphism that nockitic rocks on the Lofoten Islands that may indicate affected the Lofoten Islands and do not reflect the ema close relationship among the parental magmas of the placement level of the mangerites. various types of rocks that are typically observed to occur
The magmatic temperature estimations of Ormaasen together within Proterozoic anorthosite massifs. These (1977) and Krogh (1977) are based mainly on Fe-Ti trends include the following:
oxide thermometry using the graphical calibration of (1) progressive Fe enrichment in olivine and pyroxenes; Buddington & Lindsley (1964) . It is well known, however, (2) feldspar evolution from calcic plagioclase via twothat oxide thermometry cannot retrieve magmatic temfeldspar assemblages to strongly ternary and finally to peratures in plutonic rocks (Duchesne, 1972; Frost et al., nearly Ca-free alkali feldspar; . The temperature conditions calculated by Griffin (3) temperature estimations show a decrease from those et al. (1974) and Malm (1976) are based on pyroxene near the solidus of primitive basalt in the Moskenesøy equilibria, but in both studies, reintegration techniques cumulates (probably on the order of 1250-1300°C) and and textures such as the extent of exsolution were not from 1185°C in the anorthosites to~800°C in the latest described in detail. Calculations with QUILF using the charnockites;
analyses of Griffin et al. (1974) or Malm (1976) gave (4) pressure estimations indicate initial crystallization temperatures of the order of 500°C and pressures between of the anorthosite at the base of the crust (~9 kbar) and 9 and 12 kbar. later ascent to pressures of~4 kbar, where the mangerites The finding that the mangerites intruded at 4 kbar and charnockites also intruded; throughout the Lofoten Islands is especially important, (5) silica activity shows increase from values~0·58 in because gravity and seismic data (Svela, 1971; Mjelde et the anorthosites to quartz saturation in the charnockites; al., 1993) indicate that the crust is only~18-19 km thick (6) f O 2 ranged from 0·7-0·9 log units above FMQ in under the southwestern islands, whereas it is 25-28 km the anorthosites to 0·6-1·5 log units below FMQ in the thick below the middle and eastern islands. This crustal charnockites; structure is also reflected in a large positive gravity (7) water fugacities were very low during crystallization anomaly under Moskenesøy (Svela, 1971) . Despite the of both the anorthositic and the mangeritic rocks, and fact that the crustal thickness below the Lofoten Islands allow crystallization of magmatic amphibole only in the decreases from east to west, the crustal level observed at most evolved charnockitic rocks.
the surface is the same throughout the Lofoten Islands. Thus, the mantle upwelling that has occurred under Moskenesøy since the Cretaceous (Mjelde et al., 1993) Comparison with previous studies on the did not result in enhanced uplift and erosion of the western islands, but must evidently be accommodated
Lofoten Islands
by plastic flow and delamination of the lower parts of Our results do not agree with previous studies (RMI: the crust above the upwelling mantle. Krogh, 1977; HMI: Ormaasen, 1977) , which estimated that the Lofoten mangerites equilibrated at 1000-1050°C at 9-12 kbar. This is significant in understanding the
Comparison with other Proterozoic
geology of northern Norway because Griffin et al. (1978) anorthosite complexes used these values to conclude that the Lofoten terrane is an unusual deep section through the crust. One cannot This is the first study to present direct constraints for argue that this discrepancy is caused by the fact that our the polybaric crystallization of anorthosites, which was samples represent higher portions (and therefore lower suggested by Emslie (1978) and many workers subsequently. Earlier studies used barometry in the country pressures) of the same intrusions, because, as indicated
